ABSTRACT Sterol regulatory element binding protein-1 and -2 (SREBP-1 and -2) are key transcription factors involved in the biosynthesis of cholesterol and fatty acids. The SREBP have mainly been studied in rodents in which lipogenesis is regulated in both liver and adipose tissue. There is, however, a paucity of information on birds, in which lipogenesis occurs essentially in the liver as in humans. As a prelude to the investigation of the role of SREBP in lipid metabolism regulation in chicken, we sequenced the cDNA, encoding the mature nuclear form of chicken SREBP-2 protein, mapped SREBP-1 and -2 genes and studied their tissue expressions. The predicted chicken SREBP-2 amino acid sequence shows a 77 to 79%
INTRODUCTION
Sterol regulatory element binding proteins (SREBP) are transcription factors involved in the biosynthesis of cholesterol and fatty acids (for review, Brown and Goldstein et al., 1997; Osborne et al., 2000) . SREBP belong to a large class of transcription factors containing basic, helix-loophelix, and leucine zipper motifs (bHLH-Zip). Unlike the other members of this class, SREBP are synthesized as endoplasmic reticulum membrane-bound precursors. The cDNA sequence encoding the nuclear SREBP-2 form reported in the paper has been submitted to the genBank/EMBL database and has been assigned accession number AJ414379. 3 To whom correspondence should be addressed: lagarrig@ roazhon.inra.fr. 54 identity with human, mouse, and hamster homologues, with a nearly perfect conservation in all the important functional motifs, basic, helix-loop-helix, and leucine zipper (bHLH-Zip) region as well as cleavage sites. As in the human genome, SREBP-1 and SREBP-2 chicken genes are located on two separate chromosomes, respectively microchromosome 14 and macrochromosome 1. Tissue expression data show that SREBP-1 and SREBP-2 are expressed in a wide variety of tissues in chicken. However, unlike SREBP-2, SREBP-1 is expressed preferentially in the liver and uropygial gland, suggesting an important role of SREBP-1 in the regulation of lipogenesis in avian species.
The SREBP precursors of about 1150 amino acids in length require cleavage by a sterol-dependent proteolytic process (Brown et al., 2000) . The N-terminal segment (about 450 amino acids, containing the bHLH-Zip motif and the transcription activating domain) is then released into the nucleus, where the transcriptional activation of the target genes occurs. The SREBP targets include genes encoding the low-density lipoprotein receptor and multiple enzymes involved in cholesterol pathway, fatty acid biosynthesis, and triglyceride production.
Two genes encode SREBP, designated as SREBP-1 and SREBP-2. The SREBP-1 gene generates two isoforms SREBP-1a and -1c, by alternative transcription start sites (Shimano et al., 1997a) . All actively growing cells studied so far express predominantly SREBP-1a isoform, whereas tissues including liver, white and brown adipose tissues, and the adrenal gland predominantly synthesize SREBP1c (Shimomura et al., 1997) . Several studies suggest that the SREBP-1 isoforms are more selective in activating fatty acid biosynthesis genes, whereas SREBP-2 is more specific for controlling cholesterol biosynthesis. These include studies on hepatic lipogenic gene expression in genetically modified mice characterized by over expression or disruption of SREBP (Horton et al., 1998a; Shimano et al., 1996 Shimano et al., , 1997a as well as studies on physiological changes of SREBP levels in normal mice after treatment by insulin or after dietary manipulation such as placement on high carbohydrate diets, unsaturated fatty acid-enriched diets or fasting-refeeding regimens (Horton et al., 1998a,b; Kim et al., 1998; Shimano et al., 1999; Foretz et al., 1999; Yahagi et al., 1999; Osborne et al., 2000; Xu et al., 2001) . Moreover, recent studies indicate an essential role of SREBP-1 in lipogenic response to Liver-X-Receptor Ou et al., 2001) .
Studies of SREBP have mainly been conducted on mammalian models especially rodents. We report here on the identification of the cDNA encoding the entire nuclear form of chicken SREBP-2 transcriptional factor. We mapped this gene together with the SREBP-1 gene for which the complete coding cDNA was recently isolated (AY029224) by Hillgartner and his colleagues (Yin et al., 2002) . We also studied the distribution of mRNA of these two genes in several lipogenic and nonlipogenic tissues in chicken in order to analyze the correlation between the SREBP-1 expression and the tissue lipogenic capacity. In birds, in particular the chicken, lipogenesis occurs essentially in the liver (O'Hea and Leveille, 1968; Griffin et al., 1992) as in humans, and in a bird-specific organ, the uropygial gland (Tang and Hansen, 1972) . Conversely, in rodents, lipogenesis is regulated in both liver and adipose tissue.
The present work may give some clues for understanding the control of lipid metabolism in chickens, especially in broiler chicken lines developed for meat production, in which excessive fat has become a drawback.
MATERIALS AND METHODS

Animals
Two broiler male chickens (Gallus domesticus), used for sampling of the different tissues analyzed, were 7 wk of age and were fed ad libitum a standard commercial diet (20% protein, 2.5% lipid, 57.5% carbohydrates, 6% minerals, and 14% moisture) before killing. Another male from the same commercial line was killed for the preparation of isolated hepatocytes.
For SREBP-1 chromosomal localization, three family designs were used: the two chicken reference backcross mapping families, Compton (Bumstead and Paliga, 1992) and East-Lansing (Crittenden at al., 1993) , and a F0/F1/ F2 family developed by our laboratory. The F1 animals were produced by crossbreeding between two broiler chicken fat and lean lines (Leclercq et al., 1980) . One F1 male was mated to seven F1 dams to produce 122 F2 progenies corresponding to the family used in the present work.
Chicken Whole Genome Radiation Hybrid Panel
For SREBP-2 chromosomal localization, a chicken genome radiation hybrid panel was used. A collection of 452 chicken whole-genome radiation hybrids was produced by fusing female chicken fibroblasts irradiated at 6,000 rads to hypoxanthine guanine phosphoribosyl transferase (HPRT)-deficient hamster cells (Morisson et al., 2002) . To determine the extent to which donor fragments were retained in our hybrids, 46 markers were amplified by PCR from DNA obtained from each of them. Due to the peculiarities of the chicken genome structure, care was taken in the choice of markers to represent all chromosome types according to the actual consensus linkage map of the chicken (Groenen et al., 2000) . The average retention rate of the 452 hybrids was 11.3% for the whole genome, but the overall retention rate for markers located on microchromosomes was higher (14.8%) as compared to that of macrochromosomes (9.5%).
Eighty-four hybrids were especially selected for this work, according to their high macrochromosome retention rate. Indeed, the average retention frequencies of the 84 hybrids were 25% for the whole genome, 22% for the macrochromosomes, and 27% for the microchromosomes. The chromosome 1 (GGA1) retention rate, as estimated by the retention of eight microsatellite markers (MCW0248, MCW0111, MCW0289, LEI0146, MCW0200, MCW0181, ADL0122, and MCW0108), was close to 18%.
Cloning of Chicken SREBP-2 cDNA and Introns of SREBP Genes
Different partial chicken SREBP-2 cDNA fragments were obtained by reverse transcription-polymerase chain reaction (RT-PCR) carried out with homologous and heterologous human primers reported in Table 1 . Reverse transcription was carried out in a 20 µL reaction volume with 250 ng of hepatic poly(A)+ RNA corresponding to a mix of five fed chickens, using Superscript II 4 and genespecific reverse primer. The RT reaction was then followed by 30 cycles of PCR carried out with the same reverse primer and a gene-specific forward primer. The resulting PCR product was cloned using the TA-cloning kit 5 and sequenced by fluorescent BigDye-terminator chemistry using an ABI 373 automated DNA sequencer. 6 In some cases, the PCR amplification did not provide a unique fragment. A fragment of the expected size was eluted and reamplified in the same conditions before cloning and sequencing. Different chicken SREBP-1 and SREBP-2 introns were cloned after amplification by 35 cycles of PCR, carried out with 100 ng of chicken genomic DNA and homologous primers derived from SREBP-1 cDNA (AY029224) and the 1,582 bp SREBP-2 cDNA. According to the hypothesis that the intron positions are similar between the two species, the primers were determined on the basis of the intron/exon structure of the human SREBP genes and on the alignment between chicken and human SREBP cDNA sequences. For each amplified locus whose sequence had been submitted to the GenBank/EMBL database, forward and reverse primer sequences, annealing temperature used for the PCR amplification, length of the amplified fragment, and the accession number are reported in Table 1.
RNA Extraction
Total RNA was extracted with the RNAXEL kit 7 from the 11 tissues listed in Table 2 . Total RNA was also extracted from LMH cells (a chicken liver carcinoma cell line), cultured according to Belloir et al. (1997) and from chicken hepatocytes maintained for 2 d in primary culture according to Diot and Douaire (1999) . Poly(A)+ RNA was then prepared from total RNA of liver, using Dynabeads 
Northern Blot
Northern blot analysis was performed as previously described (Lagarrigue et al., 2000) with 5 µg of poly(A)+ RNA or 20 µg of total RNA extracted from the liver of fed animals. A 696 bp SREBP-1 cDNA fragment corresponding to nucleotides 827 to 1522 of the AY029224 chicken SREBP-1 cDNA sequence was isolated by RT-PCR. This SREBP-1 fragment and the 1,190 bp SREBP-2 cDNA fragment described in results were used as probes after labeling by random priming with [α 32 P]dCTP 9 (3000 Ciؒmmol −1 ). Hybridization was detected using the Storm 840 instrument 9 to scan phosphor screens exposed for about 12 hr.
Real-Time Reverse Transcription-PCR
TaqMan real-time PCR primers and TaqMan probes were designed using primer Express Software.
6 Primers and probes were purchased from Eurogentec.
10 The forward and reverse primers and probes used for SREBP-1 and -2 are reported in Table 1 . The SREBP-1 primers designed in exons 5 and 6 should amplify both potential SREBP-1a and -1c isoforms in chicken because these isoforms described in mammals differ only from exon 1 (Shimano et al., 1997a) . Forward primer for SREBP-1 and reverse primer for SREBP-2 were designed to be intronspanning to avoid coamplification of genomic DNA. To take into account the potential differences of the amount of total RNA added to the reaction, co-amplification of 18S ribosomal RNA used as an endogenous control was performed simultaneously. Primers and labeled probe for 18S RNA were purchased from PE Applied Biosystems.
6
Total RNA for each chicken sample (tissues or cells) was reverse transcribed in a 20 µL reaction volume containing 2.5 µg total RNA, 50 U SuperscriptII, 4 1 mM of dNTP, 7 5 mM MgCl 2 , 10 mM Tris-HCl (pH 8.3), 10 mM KCl and 50 pM random hexamers.
11 The cDNA were then diluted 1:5 in water.
Quantitative PCR reactions were carried out with 2 µL of cDNA dilution in a 40 µL reaction volume containing 250 nM Taqman probe, 500 nM of each primer and the TaqMan universal PCR master mix 6 according to the manufacturer's instructions. PCR was run on the ABI Prism 7700.
6 Amplification conditions were 10 min at 95 C, followed by 40 cycles of two steps, including 15 s of denaturation at 95 C and 1 min of annealing-elongation at 60 C.
Amplicons corresponding to each target were examined on agarose gel to confirm the presence of a unique band at the expected size. Negative controls corresponding to a PCR amplification with nonreverse transcribed RNA did not generate any signal. All samples, which had to be compared, were amplified in duplicate, with the same PCR-mixture and within the same 96-well microplates. The cycle threshold (noted Ct and which corresponds to cycle number at which the fluorescence generated by cleavage of the probe passes a fixed threshold above baseline) variation observed between duplicates was on average 0.12 ± −0.1 proving a high intraassay reproducibility. Each expression analysis was also performed in two independent experiments. For a given sample, the variation of Ct between two independent microplates was 0.28 ± −0.22 showing a rather fair interassay reproducibility as well. Serial PCR reactions constructed with 16-fold serial dilutions from the same total RNA sample were systematically added on each microplate for the calibration curve and determination of the amplification rate (R) of the DNA polymerase for each gene (SREBP-1, -2 or 18S). For each experimental sample, a normalized SREBP level called Exp SREBP in sample and corresponding to the SREBP expression level relative to the 18S expression level was determined as follows:
Ct (18S in sample)
For the SREBP-1 and SREBP-2 tissue expression analyses (Table 2) , the normalized target gene expression level for each tissue was expressed in comparison to liver, chosen to be the reference tissue. Therefore, final results were expressed as N-fold differences of normalized SREBP expression level between each tissue of interest and liver.
DNA Polymorphism and Chromosomal Localization of SREBP Genes
DNA polymorphisms were investigated by PCR-single strand conformation polymorphism (SSCP) (Orita et al., 1989) . The PCR procedure was performed as described above. Amplified DNA was then mixed with an equal volume of formamide loading dye (95% formamide, 0.3% wt/vol bromophenol blue and xylene cyanol, 10 mM EDTA and 7% wt/vol sucrose). The samples were denatured for 5 min at 95 C and loaded onto a nondenaturing gel (10% acrylamide/bisacrylamide (49/1), TBE 0.5 × (25 mM Tris, 25 mM boric acid, 0.5 mM EDTA)) containing 5% glycerol and separated by electrophoresis at 4 C and 40 W for about 6 hr. Gels were then dried and stained by classical silver staining procedure before analysis. In some analyses, SSCP gels were revealed by autoradiography after PCR amplifications performed in the presence of 1 µCi α-[ 33 P]dATP 9 (3000 Ciؒmmol −1 ), 20 µM dATP and 100 µM other dNTP. DNA polymorphisms in SREBP genes were investigated by PCR-SSCP within three chicken families described above (the Compton and East-Lansing reference mapping families and the F0/F1/F2 family developed by our laboratory). Segregation analyses were performed using Map Manager software (Manly, 1993) . The localization of SREBP-2 was carried out by PCR typing of the 84 hybrids described above. All markers were typed in duplicate and scored as present, absent, or ambiguous, when positive in only one of the PCR typings. Pairwise and multipoint data analyses were completed using RH2PT and RHMAXLIK programs in the RHMAP3.0 software package (Boehnke et al., 1991; Lunetta and Boeh-nke, 1994) . We assumed random breakage along the chromosomes and equiprobable retention of fragments.
RESULTS AND DISCUSSION
Molecular Cloning of Chicken SREBP-2
A 604 bp SREBP-2 fragment was first obtained by RT-PCR using the forward hu600S primer derived from human SREBP-2 sequence (NM_004599) and corresponding to amino acids 144 to 152 of human SREBP-2, and the reverse ch600AS primer chosen from a 386 bp chicken SREBP-1 sequence (AF278697) encompassing the bHLHZip domain known to be nearly conserved between SREBP-1 and SREBP-2 genes. An 850 bp fragment was next obtained by RT-PCR using the forward ch850S primer derived from the previously amplified 604 bp chicken SREBP-2 fragment, and the reverse human hu850AS primer corresponding to amino acids 551 to 561. The sequence of these two clones corresponded to a partial chicken SREBP-2 cDNA of 1,190 bp that was deposited in GenBank/EMBL database under the accession number AJ310769.
The 1,190 bp SREBP-2 sequence was finally extended in the 5′ direction, by RT-PCR using the forward hu5′UTRS primer corresponding to nucleotides 36 to 57 of the 5′ UTR region of the human SREBP-2 sequence, and the chicken reverse ch5′AS primer. The RT-PCR was followed by a nested PCR using the human forward hu5′UTRnS primer corresponding to nucleotides 62 to 84 of the 5′ UTR region and the reverse chicken ch5′nAS primer. The total 1,582 bp SREBP-2 chicken sequence obtained was deposited in GenBank/EMBL database, under the accession number AJ414379.
The degrees of similarity of the 1,582 bp SREBP-2 chicken sequence with human, mouse and hamster SREBP-2 (species for which full cDNA are available) were 81 to 82 % for the DNA sequences and 77 to 79% for the predicted protein sequences. Figure 1 compares the predicted amino acid sequences and domain map of chicken SREBP-2 with its human, mouse and hamster homologues. The bHLH region presents a strict identity between the four species, except for one amino acid (I/ V variation) in SREBP-2 helix 1 domain: however, the isoleucine has been observed in several other bHLH-Zip family members, such as TFE3, USF, c-myc, MAX, or AP-4 Yokoyama et al., 1993; Tontonoz et al., 1993) . The leucine zipper regions are highly conserved between the four species as well . Finally, the different residues required for membranebound SREBP cleavage by site-1 and site-2 proteases Brown et al., 2000) are conserved between human, mouse, hamster, and chicken, especially the RXXL tetrapeptide necessary for the site-1 cleavage, the tetrapeptide DRSR, which marks the end of the cytosolic N-terminal segment of SREBP and the leucine located 3 residues after the DRSR sequence, which marks the end of the sequence of the mature N-terminal parts of SREBP, which enter into the nucleus to activate gene transcription. Therefore, the chicken SREBP-2 sequence includes the whole sequence encoding the mature N-terminal part of this transcription factor. As observed in humans, chicken SREBP-1 (AY029224) and SREBP-2 amino acid sequences are well conserved in the bHLHZip region (72% identical) and cleavage motifs, whereas they are poorly conserved in other regions.
Chromosomal Localization
In order to search for polymorphisms for SREBP mapping, different introns of SREBP genes were cloned and sequenced including introns 3 (AJ414381), 4 (AJ414382), and 7 (AJ441122) for SREBP-1 and intron 8 (AJ414380) for SREBP-2 that have been submitted to GenBank/EMBL database. Intron numbers were named according to the human SREBP intron/exon structures (Hua et al., 1995; Miserez et al., 1997) . These different introns were found located at the same positions as the human ones, and for most of them their lengths were roughly the same between the two species. Chicken vs. human intron lengths are 77 bp vs. 84 bp and 117 bp vs. 85 bp for SREBP-1 introns 3 and 4, respectively, and 689 bp vs. 520 bp for SREBP-2 intron 8. However, intron 7 was found to be divergent in length between chicken and human (641 bp vs. 238 bp) as well as introns 5 and 6 for SREBP-1 and the intron 2 for SREBP-2 (unpublished data).
The localization of SREBP-1 was determined by segregation analysis in the East Lansing reference family in which the sire was found heterozygous for the 748 bp PCR fragment including intron 7. This localization was confirmed with the 249 bp fragment including intron 4 that was found polymorphic in the family F0/F1/F2 design, already characterized with 27 markers including MCW0123 (unpublished data). The segregation pattern of alleles for intron 4 or intron 7 of the SREBP-1 gene in these different family designs showed that SREBP-1 is located on chicken microchromosome 14 at 20 cM from MCW0123 (logarithm of the odds; LOD 8.8). Its human homologue is located on chromosome 17p11.2 (Hua et al., 1995) . Chicken chromosome 14 contains two genes (alpha hemoglobin gene and netrin 2 chicken-like) whose human homologues are located on human chromosome 16p13.3. Therefore, the mapping of SREBP-1 to chicken chromosome 14 seems to have revealed a new syntenic block.
For SREBP-2, no polymorphism was found among the available cDNA or intronic sequences within the two chicken reference mapping populations. Considering the localization of human SREBP-2 and the human and chicken map comparison, we assumed that the chicken SREBP-2 should be located on macrochromosome 1 close to N-acetylgalactosaminidase gene. Based on these assumptions, a panel of 84 hybrids was especially selected because of their high macrochromosome retention rate. These hybrids were genotyped by PCR amplification of the chicken 898 bp SREBP-2 intron 8 locus, and of seven microsatellite markers located on the chicken macrochromosome 1 (LEI0194, MCW0254, MCW0106, ADL0188, FIGURE 1. The translated sequence of the chicken sterol response element binding protein (SREBP)-2 1,582 bp cDNA and the amino acid changes in sequences of human, mouse, and hamster N-terminal segment of SREBP-2. Numbers indicate the residue positions. The full line denotes the basic, helix-loop-helix (bHLH) domains: amino acids very highly conserved in these domains between members of bHLH-Zip are boxed Yokoyama et al, 1993; Tontonoz et al; 1993) . The amino acid sequence of the putative leucine zipper region is indicated by a dotted line; critical positions are denoted by black arrowheads . The different residues required for SREBP cleavages by site-1 and site-2 proteases are boxed in grey and the two cleavage positions are indicated by white arrowheads. Site-2 marks the end of the sequence of the mature N-terminal segments of SREBP which enter in the nucleus to activate gene transcription.
ADL0234, LEI068, and MCW0289). The two-point analysis showed that SREBP-2 is located, as expected, on chicken macrochromosome 1, at 16.3 cR 6000 from MCW0289 (LOD = 10). Its human homologue is located on chromosome 22q13 (Hua et al., 1995) . Chicken chromosome 1 also contains different genes close to SREBP-2, including adenylosuccinate lyase and N-acetylgalactosaminidase, whose human homologues are also located on human chromosome 22q13 thereby showing a good conservation of synteny in this region.
Size and Tissue Expression Pattern of Chicken SREBP mRNA
In order to determine the sizes of mRNA encoded by the chicken SREBP-1 and SREBP-2 genes, Northern blot analysis was performed with 20 µg of total RNA or 5 µg of poly(A)+ RNA prepared from chicken liver (Figure 2) . For each gene, single transcripts of approximately 4.3 kb for SREBP-1 and 4.6 kb for SREBP-2 were clearly visible with chicken liver poly(A)+ RNA, whereas the hybridization signal obtained with total RNA was undetectable. No crosshybridization was observed between chicken probes and rat RNA. The pattern of a single band for SREBP-1 is similar to that reported previously in chicken (Gondret et al., 2001) . The sizes of chicken SREBP-1 and SREBP-2 mRNA are quite similar to those reported for rat or human: ∼ 4 kb for SREBP-1 Tontonoz et al., 1993) and ∼5 kb for SREBP-2 Shimomura et al., 1999) .
The tissue distribution of SREBP mRNA were then examined on total RNA by real-time RT-PCR, which is more sensitive than Northern blot. The quantification of mRNA levels in each tissue, expressed relative to the liver, are shown in Table 2 for the two fed birds investigated. For SREBP-1, the primers were designed to amplify both potential SREBP-1a and -1c mRNA isoforms. Our data show that SREBP-1 and SREBP-2 were expressed in a wide variety of tissues in chicken. The SREBP-1 was expressed preferentially in the liver and uropygial gland, the latter expressing three times more SREBP-1 than the former. The expression in other tissues examined (adipose tissue, heart, lung, kidney, intestine, muscle, brain, and testis) was roughly two to five times lower than that in the liver, whereas the spleen tissue presented a very low relative mRNA level. The SREBP-2 expression was highly variable between the two birds analyzed. Most of the tissues analyzed expressed SREBP-2 mRNA roughly equal to the liver, except for skeletal and cardiac muscles and spleen, in which expression level of SREPB-2 was roughly less than half of that in the liver of whatever bird was investigated. Chicken hepatocytes and hepatoma LMH cells expressed similar levels to those observed in the liver for the two genes.
The tissue expression data show that SREBP-1 was preferentially expressed in two organs, the uropygial gland, in which fatty acids used to protect the bird feathers are synthesized and stored (Tang and Hansen, 1972; O'Hea and Leveille, 1968) , and the liver, which is the main site of fatty acid synthesis in chicken (O'Hea and Leveille, 1968; Griffin, 1992) . In contrast, SREBP-1 was weakly expressed in tissues where lipogenesis is very low, such as adipose tissue, muscles, intestine, and testes. Similar differences in the relative expression level of SREBP-1 between the liver and the adipose tissue have been previously reported in chicken (Gondret et al., 2001 ). The SREBP-2 expression seems to be roughly similar in most of the tissues examined. Therefore, our data are consistent with the important role of SREBP-1 in the regulation of lipogenesis, which has until now been mainly described in mammals Ou et al., 2001; Shimano et al., 1999; Foretz et al., 1999; Yahagi et al., 1999; Kim et al., 1998; Osborne, 2000; Xu et al., 2001; Horton et al., 1998a,b) . The SREBP-2 expression is largely independent of the lipogenic ability of the eleven tissues investigated in the current study, as already described in humans .
In summary, the localization of chicken SREBP-1 and SREBP-2 genes will allow their assessment as candidate genes in chicken QTL detection programs focusing on phenotypes related to lipid metabolism. The patterns of SREBP-2 and -1 expression and consensus motif preservation strongly suggest functional conservation of the SREBP genes between mammals and chicken. The identification of the chicken SREBP-2 sequence encoding the mature nuclear form in addition to the chicken SREBP-1 sequence (AY029224) provide important molecular tools for studying the role of these two transcription factors in the regulation of cholesterol and fatty acid metabolism in avian species.
